Introduction {#s1}
============

In developed countries such as Canada, around three quarters of the adult population experience moderate levels of stress (Statistics Canada, [@B154]). As a potent modulator of memory (McEwen and Sapolsky, [@B106]; Sandi and Pinelo-Nava, [@B145]), stress is implicated in the associated cognitive impairment in depressive disorders (Muscatell et al., [@B118]). However, stress does not always impair memory. Indeed, stress is believed to be crucial to the immutable storage of traumatic memories in post-traumatic stress disorder (PTSD) (Vanitallie, [@B166]). Investigating how stress exerts both facilitatory and suppressive effects on memory could improve our understanding of abnormal memory function in stress-related psychiatric disorders. At the cellular level, memory is established via persistent alterations in the strength of synaptic transmission through a collection of cellular processes known as synaptic plasticity. In parallel with its impact on memory, stress can both facilitate and suppress synaptic plasticity via the actions of the stress hormone cortisol, or corticosterone (CORT) in rodents. Thus, investigating the mechanisms underlying the impact of CORT on synaptic plasticity could help reveal the physiological basis of cognitive effects of stress.

Activation of glutamate receptors, including AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) and NMDA subtypes (N-methyl-D-aspartate), is instrumental to the formation and maintenance of synaptic plasticity such as long-term potentiation (LTP) and long-term depression (LTD) (Bliss and Collingridge, [@B13]; Bear and Abraham, [@B9]; Malinow and Malenka, [@B102]). Glutamate receptors could be important cellular targets for stress and CORT to regulate synaptic plasticity in the adult brain. Indeed, at least in developing brain tissue, CORT regulates the trafficking properties of AMPA receptor \[AMPAR (Groc et al., [@B57]; Martin et al., [@B103])\]. Until recently, NMDA receptor (NMDAR) was widely believed to be highly stable in the adult brain. Recent findings from our laboratory revealed CORT-induced plastic changes in both the function and subunit composition of NMDAR. Given that NMDAR plays critical roles in synaptic plasticity, these findings illustrate a novel mechanism for stress to regulate synaptic plasticity. We also found that CORT-induced changes in NMDAR in adulthood can be programmed by early life adversity such as low maternal care. Since early life stress strongly associates with an increased vulnerability to psychiatric disorders like depression (Kessler et al., [@B77]; McLaughlin et al., [@B108]), our findings support an emerging view that alteration of the plastic properties of NMDAR is a key biological substrate of stress-related brain disorders.

The purpose of this review is, therefore, to summarize findings from our laboratory concerning the influence of CORT on NMDAR function in the adult brain. We first discuss the current understanding of the impact of CORT on hippocampal synaptic plasticity. Next, we describe recent findings demonstrating that plastic changes of NMDAR function after CORT exposure regulate synaptic plasticity in the adult brain. Finally, we summarize findings showing that the impact of CORT on NMDAR function in adulthood can be programmed by early life experience in the form of maternal care.

CORT and synaptic plasticity
============================

CORT is a pleiotropic hormone that regulates cardiovascular, immunologic, metabolic, and neurologic functions (Sapolsky et al., [@B147]). The cellular actions of CORT are mediated by two types of corticosteroid receptors: low affinity glucocorticoid receptors (GRs) and high-affinity mineralocorticoid receptors (MRs) (Reul and de Kloet, [@B138]; Joels, [@B67]). Both GR and MR can be found in the cytosol and function as transcription factors that alter gene expression. Recent findings also suggest the presence of membrane-associated GRs and MRs to mediate fast-acting (\< 30 min) non-genomic actions of CORT (Prager and Johnson, [@B134]). Under basal conditions, plasma (Atkinson et al., [@B3]) and hippocampal (Droste et al., [@B43]) CORT levels follow a circadian rhythm with a nadir around the start of the light cycle. During the light cycle and part of the dark cycle, CORT levels also show an ultradian pattern (1 cycle/h). During ultradian peaks hippocampal CORT levels reach as high as 15 nM (Droste et al., [@B43]). Stress also significantly raises the levels of hippocampal CORT. For example, a 15 min period of forced swimming increases hippocampal CORT to approximately 100 nM for around 30 min (Droste et al., [@B44]). CORT exhibits both facilitating and suppressing effects on memory function and hippocampal synaptic plasticity. LTP (Bliss and Lomo, [@B14]; Bliss and Collingridge, [@B13]) and LTD (Dudek and Bear, [@B45]; Bear and Abraham, [@B9]) are two forms of synaptic plasticity which are regarded as cellular models of learning and memory (Bliss and Collingridge, [@B13]; Martin et al., [@B104]). The impact of CORT on synaptic plasticity depends on various factors, which will be discussed below.

Level of CORT
-------------

Basal levels of CORT are important for memory function such that insufficient CORT (e.g., in adrenalectomized animals) results in impaired LTP (Diamond et al., [@B39]) and memory (Vaher et al., [@B162]). These promnesic influences of CORT are likely mediated by high affinity MRs, since LTP is enhanced by MR agonists (Pavlides et al., [@B126], [@B129]; Rey et al., [@B139]), and stress-induced facilitation of LTP is blocked by MR antagonists (Korz and Frey, [@B82]; Avital et al., [@B4]). Exposure to CORT at stress levels, which activates both MRs and GRs, usually results in impairment of memory. Most of these negative impacts were observed hours after CORT application (Pavlides et al., [@B127], [@B129]; Krugers et al., [@B83]; Wiegert et al., [@B177]), suggesting the requirement of GR-induced genomic mechanisms (Tsai and O\'Malley, [@B160]). The detrimental impacts of CORT on memory functions could be partly attributed to GR-mediated LTP suppression. LTP is suppressed by GR agonists (Pavlides et al., [@B127]) and stress-induced inhibition of LTP is blocked by GR antagonists (Rey et al., [@B139]; Avital et al., [@B4]). These findings highlight the inverted-U shape relationship between LTP formation and CORT concentration (Diamond et al., [@B39]; Rey et al., [@B139]). Unlike LTP, CORT facilitates LTD via GR activation (Xu et al., [@B180], [@B181]; Yang et al., [@B182]; Chaouloff et al., [@B25]).

Timing and duration of CORT application
---------------------------------------

Although CORT is better known for its suppressing effect on LTP, recent findings suggest that depending on the timing of LTP induction, CORT may also facilitate LTP. For instance, a brief application of stress level CORT (100 nM) facilitates LTP if it is applied immediately before tetanus stimulation (Wiegert et al., [@B176]). This facilitating effect of CORT contrasts with its suppressing action on LTP when plasticity is induced hours later (Krugers et al., [@B83]; Wiegert et al., [@B177]). Note that membrane bound corticosteroid receptors (Wiegert et al., [@B176]) have been implicated in these facilitatory effects of CORT on memory. The rapid, acute facilitatory effect of CORT on LTP may relate to the positive impact of intrinsic stress (stress during learning) on the acquisition and consolidation of memory \[for review, see (Sandi and Pinelo-Nava, [@B145])\].

While LTP is facilitated by acute CORT, prolonged CORT exposure suppresses LTP (Kerr et al., [@B76]). LTP is also suppressed in chronically stressed rats (Gerges et al., [@B55]; Pavlides et al., [@B128]; Alfarez et al., [@B2]) \[but also see (Holderbach et al., [@B62])\]. In addition, LTD can be facilitated in animals exposed to chronic stress (Yang et al., [@B183], [@B184]; Ma et al., [@B95]) or chronic CORT infusion (Dumas et al., [@B46]).

Subfield of the hippocampus
---------------------------

Our understanding of the impact of CORT on synaptic plasticity is primarily informed by studies performed in the hippocampal CA1 region. CORT also affects synaptic plasticity in other hippocampal subfields. For instance, one hour after GR agonist application, LTP is suppressed in the dentate gyrus (DG) (Pavlides et al., [@B127]). Similar to the CA1 region, CORT induces rapid facilitation of LTP in the DG. Stressing rats with a brief forced swimming 15 min after LTP induction converts a short-lasting DG LTP into a long-lasting form (Korz and Frey, [@B82]) and this effect is mediated by MR activation. The impact of CORT on DG LTD is less clear. A typical LTP protocol induces LTD in GR agonist-treated DG slices (Pavlides et al., [@B127]), suggesting that LTD in the DG is also facilitated by CORT. Acute stress also suppresses mossy-fiber LTP in the CA3 region through a GR-mediated pathway (Chen et al., [@B27]). Whether CORT exerts a rapid-onset facilitatory effect on LTP in the CA3 region remains unclear.

Subregions of the hippocampus
-----------------------------

The hippocampus can also be separated into dorsal (septal) and ventral (temporal) subregions. Not only do these hippocampal subregions receive distinct synaptic inputs from the entorhinal cortex (Dolorfo and Amaral, [@B42]), they also subserve different cognitive roles. Lesion of the dorsal hippocampus impairs spatial learning and memory (Moser et al., [@B116]). However, damage to the ventral hippocampus, which connects with the bed nucleus of the stria terminalis and the amygdala (Swanson and Cowan, [@B156]; Van and Wyss, [@B165]; Pitkanen et al., [@B132]), alters performance in fear- and anxiety-related behavioral tasks (Richmond et al., [@B140]; McHugh et al., [@B107]). While spatial learning can be suppressed by stress (Conrad et al., [@B34]; Diamond et al., [@B40]), stress typically enhances fear- and anxiety-related behaviors. One would, therefore, expect that stress differentially regulates encoding in these two hippocampal regions through opposing effects on synaptic plasticity. In agreement with this hypothesis, it has been shown that while CORT suppresses LTP in the dorsal hippocampus, this stress hormone facilitates LTP in the ventral hippocampus (Maggio and Segal, [@B99]). The effects of CORT on different hippocampal subregions are mediated by different corticosteroid receptors. MR activation facilitates LTP in the ventral hippocampus, whereas GR activation is responsible for suppressing LTP in the dorsal hippocampus. Notably, the form of LTP that is facilitated by CORT in the ventral hippocampus is not NMDAR dependent but requires activation of voltage-gated calcium channels. CORT also exerts opposing regulation of LTD in the dorsal and ventral hippocampi (Maggio and Segal, [@B100]). In the dorsal hippocampus, CORT activates GR to enhance LTD formation. However, LTD is suppressed by CORT in the ventral hippocampus through a MR-mediated mechanism.

Gender
------

Our current understanding of the impact of CORT on synaptic plasticity is dominated by findings obtained from male rodents. Available evidence suggests that gender could affect the impact of CORT on synaptic plasticity. For instance, while chronic restraint stress impairs spatial memory in a radial arm maze in male rats, similar stress enhances performance in female rats in this task (Luine et al., [@B94]). Gender differences in Morris water maze performance are abolished by adrenalectomy (Beiko et al., [@B10]), suggesting that these differences are glucocorticoid dependent. Gender differences in stress responsiveness are also observed at the level of synaptic plasticity. For instance, the maintenance of DG LTP induced by stimulation of the lateral perforant path in male and female rats is sensitive to MR (Velisek et al., [@B168]) and GR blockade (Velisek and Vathy, [@B169]), respectively. In addition, while hippocampal LTD is facilitated in slices obtained from acutely stressed male rats, similar stress-induced facilitation of LTD cannot be observed in slices from stressed female rats (Huang et al.). Gender-dependent CORT effects on hippocampal function may also be regionally specific: while CORT inhibits neurogenesis in both the dorsal and ventral region of hippocampus in male rats, an inhibitory effect on neurogenesis is only observed in the ventral hippocampus of female rats (Brummelte and Galea, [@B20]).

CORT regulation of pre- and post-synaptic function
==================================================

CORT exerts biphasic effects on synaptic plasticity. These actions may relate to changes in glutamatergic transmission. Existing evidence suggests that the rapid effect of CORT is to enhance neuronal excitability and glutamate release, while the delayed effect is to normalize activity to pre-stimulation levels (Joels et al., [@B69]). CORT induces rapid alterations in both pre- and post-synaptic function. *In vivo*, CORT enhances extracellular glutamate levels within the hippocampus rapidly (within 15 min) and transiently (return to baseline within 30--45 min) and these effects are insensitive to both GR and MR antagonists (Venero and Borrell, [@B170]). *In vitro*, CORT-induced increases in the frequency but not the amplitude of mEPSCs in CA1 pyramidal neurons and DG granule neurons after brief CORT treatment point to an effect on presynaptic glutamate transmission (Katz, [@B75]). This effect is reproduced by membrane impermeable BSA-CORT and the endogenous mineralocorticoid, aldosterone, and blocked by the MR-antagonist spironolactone (Karst et al., [@B71]; Pasricha et al., [@B125]) implicating a membrane-bound MR. Similarly, in CA1 pyramidal neurons in acute slices CORT rapidly reduces paired-pulse facilitation (Karst et al., [@B71]), a measure sensitive to alterations in presynaptic function (Debanne et al., [@B37]), providing a further demonstration that CORT increases presynaptic glutamate release. In parallel to effects on presynaptic function, CORT rapidly alters postsynaptic function, increasing neuronal excitability via inhibition of *I*~*A*~ conductance of voltage-gated potassium channels. This inhibition is blocked by the MR-antagonist spironolactone or intracellular application of a G-protein inhibitor to the postsynaptic neuron (Karst et al., [@B71]; Olijslagers et al., [@B121]).

Following the rapid effects of CORT, the delayed, genomic effects of CORT may compensate for the increased glutamatergic transmission induced by rapid membrane-receptor mediated actions by suppressing neuronal excitability to restore Ca^2+^ homeostasis. Although increased Ca^2+^ influx is maintained by the upregulation of voltage-gated calcium currents (Karst et al., [@B73]), this enhances the slow after hyperpolarization, reducing neuronal excitability (Joels and de Kloet, [@B68]). However, recent evidence suggests that delayed upregulation of voltage-gated calcium currents does not occur in the DG highlighting the subfield specific nature of genomic CORT effects in the hippocampus (Van Gemert et al., [@B164]). Thus, the delayed effects of CORT may act to curtail a period of enhanced plasticity induced by acute stress and limit further changes in synaptic strength.

CORT and glutamate receptors
============================

Apart from regulating presynaptic release of glutamate and postsynaptic depolarization of neurons, increasing findings suggest that CORT directly alters the functional properties and plasticity of glutamate receptors. Notably, glutamate receptors, including the NMDAR and AMPAR subtypes, are critical mediators of the induction and maintenance of synaptic plasticity. Changes in NMDAR and AMPAR properties after CORT treatment would therefore significantly impact synaptic plasticity. Below we discuss the impact of CORT on these two ionotropic glutamate receptor species.

Glutamate receptors and synaptic plasticity
-------------------------------------------

NMDAR, AMPAR, and kainate receptors belong to the family of ionotropic glutamate receptors (Dingledine et al., [@B41]). They are multimeric assemblies of distinct subunits. NMDAR subunits include GluN1 (Moriyoshi et al., [@B115]), GluN2 \[A--D (Kutsuwada et al., [@B84]; Meguro et al., [@B110]; Monyer et al., [@B113]; Ishii et al., [@B66])\], and GluN3 \[A--B (Ciabarra et al., [@B30]; Sucher et al., [@B155]; Chatterton et al., [@B26])\]. Functional NMDARs contain GluN1 plus at least one type of GluN2 subunit (Seeburg, [@B150]; Dingledine et al., [@B41]). The most common GluN2 subunits in the adult hippocampus are GluN2A and GluN2B (Kirson and Yaari, [@B78]; Laurie et al., [@B85]; Wenzel et al., [@B175]). Four AMPAR subunits (GluA1--4) have been identified (Nakanishi, [@B119]; Hollmann and Heinemann, [@B63]; Dingledine et al., [@B41]). NMDAR plays pivotal roles in LTP (Collingridge et al., [@B33]) and LTD formation (Dudek and Bear, [@B45]) because: (1) it is highly conductive to Ca^2+^ (MacDermott et al., [@B96]), a crucial chemical signal for synaptic plasticity (Bliss and Collingridge, [@B13]; Bear and Abraham, [@B9]); (2) its opening is gated by a voltage-sensitive Mg^2+^ blockade that is removed by depolarization (Nowak et al., [@B120]). The latter property allows NMDAR to serve as a *coincidence detector* of simultaneous presynaptic glutamate release and postsynaptic depolarization, which is fundamental to induction of synaptic plasticity. The presence of Mg^2+^ blockade also limits the contribution of NMDAR to basal synaptic transmission. Thus, long-term alteration of the strength of glutamate synapses after LTP and LTD induction is expressed by changes in the gating (Benke et al., [@B12]) and/or trafficking (Malenka, [@B101]; Collingridge et al., [@B32]) properties of AMPAR in glutamate synapses.

CORT and the plasticity of AMPAR
--------------------------------

CORT facilitates AMPAR-mediated synaptic transmission by increasing the frequency of AMPAR-mediated miniature excitatory postsynaptic currents \[EPSC, (Karst and Joels, [@B72])\]. In addition, CORT enhances the mobility of AMPAR by facilitating exo/endocytotic exchange between cytosolic and surface receptors (Martin et al., [@B103]) and lateral trafficking between synaptic and extra-synaptic receptors (Groc et al., [@B57]). The effect of this increased mobility is likely an enrichment of GluA2 subunits in glutamate synapses (Martin et al., [@B103]). While these changes in AMPAR function could explain the facilitating effect of CORT on synaptic plasticity, they take hours to develop (Karst et al., [@B71]; Martin et al., [@B103]). Thus, these slow-onset changes likely contribute little to rapid CORT-induced alterations of LTP (Wiegert et al., [@B176]) and LTD (within minutes) (Xu et al., [@B180]). Moreover, how facilitation of AMPAR function contributes to the delayed suppressive effect of CORT on synaptic plasticity remains unclear.

Plasticity of NMDARs in the adult hippocampus
---------------------------------------------

Until recently, NMDAR in the adult brain was believed to be highly stable. Electron microscopy studies reveal that the number of immunogold labeled NMDARs per hippocampal synapse from P10 rats is almost identical to that from 5-week-old rats (Petralia et al., [@B131]). In marked contrast, the number of labeled AMPARs increases 2--3-fold during the same developmental period. The potential for plasticity of NMDAR (i.e., alteration of the expression and/or electrophysiological properties of NMDAR channels) is also reduced across the course of brain development. For instance, plastic changes in NMDAR subunit composition are triggered by high frequency stimulation in developing hippocampal tissue (\< P10) but cannot be induced in tissue from 3-week-old rats (Bellone and Nicoll, [@B11]). In addition, stimulation protocols that induce LTP of AMPAR-mediated synaptic currents do not robustly alter NMDAR-mediated synaptic currents (Muller et al., [@B117]; Perkel and Nicoll, [@B130]) \[but also see (Bashir et al., [@B8]; Grosshans et al., [@B61])\]. The increasing resistance of NMDAR-mediated synaptic currents to plastic alteration across development is likely related to the dramatic alterations of NMDAR subunit composition. In particular, in the first postnatal month there is a switch from GluN2B-enriched to GluN2A-enriched NMDAR in glutamate synapses (Sheng et al., [@B151]; Ritter et al., [@B142]). GluN2A-containing NMDARs display less horizontal \[between synaptic and extra-synaptic locations (Groc et al., [@B59])\] and vertical motility \[between surface membrane and cytosol (Barria and Malinow, [@B7])\] than GluN2B-containing receptors. Although GluN2B-containing NMDARs can still be found in adult glutamate synapses (Erisir and Harris, [@B47]), the developmental increase in GluN2A subunits could greatly enhance NMDAR stability. Taken together, these findings suggest that a high stability of NMDAR function is actively maintained in adult glutamate synapses. Despite this, recent findings have challenged the long-held assumption that plasticity of NMDAR function is difficult to induce in the adult brain.

Several lines of evidence suggest that plastic changes of NMDAR are induced in an experience dependent manner in the adult brain. Dopamine alters NMDAR-mediated synaptic currents in the adult brain (Varela et al., [@B167]). Apart from changing the size of NMDAR-mediated currents, NMDAR subunit composition is also subject to plasticity in the adult brain. For instance, the ratio of GluN2A/GluN2B mRNA expression varies with the reproductive cycle of female rats (Gore et al., [@B56]), seasonal testosterone levels of male song birds (Singh et al., [@B152]), and chronic stress exposure (Qin et al., [@B136]). Although the functional consequences of these subunit modifications remain unknown, these findings raise two important points. Firstly, steroidal hormones, including CORT, could be potent biological modulators of NMDAR function in the adult brain. Secondly, even after the developmental switch of NMDAR from GluN2B-enriched to a GluN2A-enriched, the potential remains for further GluN2 subunit change in response to stressful experiences. The effect of CORT on NMDAR function is supported by findings obtained in young (acute slices prepared from early postnatal brains) and developing brain tissue (cultured neurons prepared from embryonic brains). CORT can both facilitate (Takahashi et al., [@B157]) and attenuate (Sato et al., [@B148]; Liu et al., [@B91]) NMDAR-mediated Ca^2+^ influx and current in both cultured neurons and young hippocampal slices. How CORT mediates bidirectional changes in the electrophysiological properties of NMDAR remains unclear. Notably, whether NMDAR function in the adult brain remains sensitive to modulation by CORT is yet to be widely investigated.

CORT-induced enhancement of NMDAR function in the adult hippocampus
-------------------------------------------------------------------

Recently, we addressed the issue of the capacity of CORT to induce changes in synaptic NMDAR function in the adult brain using an adult (3-month old) rat hippocampal slice preparation (Tse et al., [@B161]). The findings of these studies identified both a fast-onset and long-lasting increase in synaptic NMDAR function following a 30 min exposure to stress level (100 nM) CORT. Note that 100 nM CORT approximates CORT levels measured by microdialysis *in vivo* in rat hippocampus shortly after exposure to an intense stressor such as forced swimming (Droste et al., [@B44]). A single 30 min CORT application increased NMDAR function at glutamate synapses in the dorsal hippocampal CA1 region as reflected by an increase in normalized NMDAR-mediated field excitatory postsynaptic potentials (NMDAR-fEPSPs). Surprisingly, using a similar methodology we did not observe an effect of CORT on AMPAR function measured by normalized AMPAR-fEPSPs. Importantly, there was a parallel increase in the ratio of evoked NMDAR-mediated EPSCs (NMDAR-EPSCs) vs. AMPAR-EPSC after CORT treatment using whole-cell patch clamp recording. This further confirms that CORT enhances NMDAR function. Moreover, although CORT treatment was limited to 30 min, we found that the rapid CORT-induced increase in NMDAR/AMPAR ratio lasted for at least two hours after wash-out of CORT. It is important to consider the specific temporal parameters used when interpreting the lack of AMPAR changes in this study. Since CORT-induced alterations in AMPAR expression and function were previously observed 2--3 h post-treatment (Karst and Joels, [@B72]; Groc et al., [@B57]; Martin et al., [@B103]), the time window in which we observed alterations in NMDAR function may precede these slow-onset changes.

As reviewed above, NMDAR function is critically implicated in synaptic plasticity and CORT exerts a complex regulation of bidirectional synaptic plasticity. Thus, we asked how the acute modulation of NMDAR function by CORT might manifest in regulation of bidirectional synaptic plasticity. We found that during CORT treatment, both LTP and LTD of AMPAR fEPSPs were facilitated relative to vehicle treated slices. This finding is consistent with the fast-onset facilitation of bidirectional synaptic plasticity by stress (Xu et al., [@B180]) and CORT (Xu et al., [@B181]; Wiegert et al., [@B176]). This phenomenon might be attributable to enhanced NMDAR function in the presence of CORT. This would increase calcium influx during LTP and LTD induction and increase the magnitude of plastic change. However, the completeness of this explanation is challenged by our finding that synaptic plasticity was not facilitated 1--2 h after a brief CORT treatment despite sustained enhancement of NMDAR function. To resolve the question of why CORT no longer facilitated synaptic plasticity although synaptic NMDAR function remained enhanced, a more thorough characterization of CORT effects on NMDAR was required.

CORT-induced alteration of NMDAR subunit composition in the adult hippocampus
-----------------------------------------------------------------------------

Apart from modulating the synaptic currents mediated by NMDAR, CORT might also regulate the GluN2 subunit composition of NMDAR to modulate induction of bidirectional synaptic plasticity. In the hippocampus, GluN2A and GluN2B are the two most common GluN2 subunits. Expression of GluN2 subunits is developmentally regulated. In early postnatal stages (e.g., \< 1 month), hippocampal NMDARs are mostly GluN2B-containing (Monyer et al., [@B112]). GluN2A expression increases with development and predominates in the adult hippocampus (Wenzel et al., [@B175]). GluN2 subunits play important roles in determining NMDAR function (Monyer et al., [@B112]). For example, blocking GluN2B-containing NMDAR using Ro25--6981 inhibits LTD formation *in vitro* and *in vivo*, whereas blocking GluN2A-containing NMDAR selectively abolishes LTP (Liu et al., [@B92]; Ge et al., [@B54]). Nonetheless, how different GluN2 subunits contribute to bidirectional synaptic plasticity is still extensively debated \[for review, see (Yashiro and Philpot, [@B185]; Fetterolf and Foster, [@B49])\]. Differences in biophysical properties and signaling between GluN2A and GluN2B may be responsible for their differential roles in synaptic plasticity.

GluN2A-containing NMDAR displays larger conductance and faster decay kinetics than GluN2B-containing NMDAR (Monyer et al., [@B112]). Findings from single channel studies also reveal higher opening probability and faster conformational changes in GluN2A-containing NMDAR compared with GluN2B-containing NMDAR (Erreger et al., [@B48]). Due to their more rapid conformational change, GluN2A-containing NMDARs may contribute more to calcium transfer than GluN2B-containing NMDARs during LTP-inducing high frequency stimulation. In contrast, LTD-inducing low frequency stimulation protocols would favor charge transfer through GluN2B-containing NMDAR. Alternatively, the carboxyl terminal of GluN2 subunit, which interacts with different scaffolding or signaling proteins, could determine the polarity of synaptic plasticity. For instance, mice expressing GluN2A subunit without the carboxyl terminal are deficient in hippocampal LTP formation (Kohr et al., [@B80]). This finding suggests that the carboxyl terminal of GluN2A may recruit signaling proteins that are responsible for LTP formation. However, the contribution of GluN2A to LTP may follow an inverted U-shape relationship. Overexpression of GluN2A subunit in cultured hippocampal slices impairs LTP (Foster et al., [@B50]). Overexpressing carboxyl-terminal truncated GluN2A subunit does not affect LTP formation, suggesting that excessive GluN2A impairs LTP through recruiting LTP-blocking signaling proteins that bind the carboxyl terminal of GluN2A subunit. The identity of proteins that bind to the carboxyl terminal of GluN2A subunit to facilitate or suppress LTP formation remain unknown. Although knocking down GluN2B abolishes LTD formation (Brigman et al., [@B19]), little is known about the contribution of GluN2B carboxyl terminal to LTD formation.

When we assessed glutamate receptor surface membrane expression the data strongly suggested that CORT increased the ratio of GluN2A/GluN2B. CORT increased the surface GluN2A and GluN1 expression measured in hippocampal synaptosomes yet did not affect the expression of GluN2B or GluA1, an AMPAR subunit. GluN2A and GluN1 expression was not increased during CORT treatment but only 1--2 h after the cessation of CORT treatment. Interestingly, the time-course of increased GluN2A corresponds to the time-course of the attenuation of CORT-induced facilitation of bidirectional synaptic plasticity. An increase in GluN2A could inhibit both LTP and LTD formation. Increased GluN2A/GluN2B ratio lowers the synaptic contribution of GluN2B-containing NMDAR. This could reduce LTD which requires GluN2B-NMDAR activation (Liu et al., [@B92]; Ge et al., [@B54]). As mentioned earlier, excess GluN2A expression inhibits LTP formation (Foster et al., [@B50]). Increased synaptic expression of GluN2A subunit could be one mechanism through which rapid facilitation of synaptic plasticity is attenuated in the period hours after CORT or stress exposure.

Since GluN2 subunits undergo substantial developmental changes, CORT-induced changes in NMDAR subunit composition may differ with developmental stage. In one-month-old rats that exhibit high GluN2B expression, acute stress increases synaptic NMDAR function in the prefrontal cortex (PFC) (Yuen et al., [@B186]). In contrast to the selective increase of GluN2A expression in CORT-treated adult hippocampus, both GluN2A and GluN2B expression are enhanced by stress in juvenile PFC synapses. However, these findings could also suggest a regional difference in the regulation of NMDAR expression by CORT between the PFC and the hippocampus. Future studies, are necessary to determine the impact of CORT on NMDAR subunit composition in young hippocampal tissue.

Our findings suggest that NMDAR in the adult hippocampus is altered by brief exposure to stress level CORT (Figure [1](#F1){ref-type="fig"}). The enhancement of NMDAR occurs rapidly during CORT treatment. This rapid enhancement associates with facilitation of bidirectional synaptic plasticity. However, increased NMDAR function is followed by increased synaptic expression of GluN1 and GluN2A subunits. This secondary effect associates with the loss of synaptic plasticity facilitation. We suggest that plastic alteration of synaptic NMDAR in the adult hippocampus is instrumental to CORT regulation of synaptic plasticity. Regulation of synaptic plasticity by CORT in adulthood is programmed by early life experience. As we will discuss below, maternal care exerts a lasting impact on stress effects on hippocampal synaptic plasticity.

![**CORT-induced dynamic regulation of synaptic NMDARs in the adult hippocampus.** Schematic diagrams summarize the impact of CORT on NMDAR function. Compared with controls (*left*), stress level CORT treatment (100 nM, 30 min) induces a fast-onset increase in synaptic NMDAR function and a slow-onset (1--2 h after CORT treatment) enhancement of the surface expression of GluN2A-containing NMDAR (*right*).](fncel-06-00009-g0001){#F1}

Hippocampal cognitive development and maternal care
===================================================

The early environment exerts profound and enduring effects on hippocampal development and function (Bornstein and Tamis-LeMonda, [@B15]; Liu et al., [@B89]; Champagne et al., [@B23]). In rodents, the tactile stimulation provided by maternal pup-directed licking/grooming (LG) is an important component of the early environment (Schanberg et al., [@B149]). Intensive characterization of naturally occurring variations in maternal behavior in outbred Long--Evans rats reveals that the frequency of LG is normally distributed within the population and the relative frequency with which a rat dam licks and grooms her pups is stably maintained across subsequent litters (Champagne et al., [@B24]). The frequency of LG behavior can be used to identify two populations of rats in which to examine the consequences for offspring development of comparatively low (Low LG) and high (High LG) levels of maternal stimulation.

Maternal LG frequency is positively correlated with hippocampus-dependent learning in adult male offspring. Compared to Low LG offspring, offspring of High LG mothers learn the location of a hidden platform in the Morris water maze in fewer trials and exhibit enhanced recall of the platform location in probe tests (Liu et al., [@B89]). The offspring of High LG mothers also show enhanced memory in an object recognition task (Bredy et al., [@B17]). Consistent with enhanced hippocampal-dependent learning and memory, the magnitude of LTP in the hippocampal DG of High LG offspring is greater than in Low LG offspring (Bredy et al., [@B17]; Champagne et al., [@B23]; Bagot et al., [@B6]). Maternal effects on hippocampal synaptic plasticity and memory associate with increases in hippocampal NMDAR and AMPAR mRNA subunit expression and receptor binding as well as enhanced cholinergic innervation of the hippocampus (Liu et al., [@B89]; Bredy et al., [@B17], [@B18]). Furthermore, hippocampal morphology is influenced by maternal care and dendritic arborization and spine density is also increased in the hippocampal CA1 of High LG offspring (Champagne et al., [@B23]; Bagot et al., [@B6]).

Maternal care and stress responsivity
-------------------------------------

In addition to effects on cognitive development, maternal care influences stress reactivity and the hypothalamic-pituitary-adrenal (HPA) stress axis. High levels of pup LG in early life are associated with reduced stress responsivity in adulthood. Compared to the adult offspring of Low LG mothers, those of High LG dams show lower plasma levels of adrenocorticotropic hormone (ACTH) and CORT both during and following the termination of acute restraint stress (Liu et al., [@B90]). Up-regulation of GR expression in all hippocampal subfields is an important mediator of the enhanced negative feedback control in adult animals exposed to high levels of maternal LG (Liu et al., [@B90]; Francis et al., [@B51]; Weaver et al., [@B173]). During stress-induced elevations in CORT, GRs become progressively occupied and thus hippocampal control of stress-induced HPA-axis activity is mediated by stimulation of GR activity by CORT (de Kloet et al., [@B38]; Furay et al., [@B53]). Manipulations that increase hippocampal GR expression, such as early-life handling are associated with attenuated post-stress plasma ACTH and CORT levels (Meaney et al., [@B109]; Viau et al., [@B171]). Reductions in GR expression, such as occur in aged animals, are associated with prolonged increases in stress-induced plasma CORT (Morano et al., [@B114]). The central role of the hippocampus as target and regulator of the HPA-axis suggests that alterations of HPA-axis activity should have wide ranging consequences for hippocampal learning and plasticity. Indeed, brief CORT treatment suppresses LTP formation in the dorsal hippocampal CA1 (Champagne et al., [@B23]) and DG (Bagot et al., [@B6]) of High LG offspring. However, LTP is facilitated by CORT in Low LG offspring. Stress also enhances hippocampus-dependent learning in Low LG offspring in contextual fear-conditioning (Bagot et al., [@B6]). Thus the maternal effect on stress responsivity influences hippocampus-dependent learning and synaptic plasticity. Given the fundamental roles of NMDAR in synaptic plasticity, maternal care might regulate hippocampal function through actions on this glutamate receptor. Findings from expression and binding studies suggest LG experience enhances the expression of NMDAR subunits GluN1, GluN2A, and GluN2B in the hippocampus (Liu et al., [@B89]). Nonetheless, changes in NMDAR expression and binding do not directly reflect the functional properties of NMDAR activation in synapses, which is crucial to synaptic plasticity.

NMDAR synaptic function is increased in low LG offspring
--------------------------------------------------------

In contrast to earlier studies of receptor expression, recent work in our laboratory employing functional measures of glutamate receptor activity suggest that NMDAR function is enhanced in Low LG offspring (Bagot et al.). In the dorsal DG, normalized NMDAR-fEPSPs are significantly larger in Low LG than High LG offspring. However, AMPAR-fEPSPs do not differ between High and Low LG offspring indicating the maternal effect is specific to NMDAR function. Whole-cell recording experiments further support this conclusion. The ratio of the amplitude of NMDAR-EPSCs vs. the amplitude of AMPAR-EPSCs is significantly increased in Low LG offspring. Given that Low LG offspring also exhibit deficits in LTP (Bredy et al., [@B17]; Champagne et al., [@B23]; Bagot et al., [@B6]) this increase in NMDAR function is surprising. Enhanced NMDAR function could be expected to reduce the threshold and enhance the magnitude of LTP. However, over-activation of NMDAR induced by low extracellular Mg^2+^ conditions during LTP induction (Coan et al., [@B31]; Frankiewicz and Parsons, [@B52]) or excessive cleft glutamate (Katagiri et al., [@B74]) impairs LTP. Thus, excessive NMDAR activation during LTP induction might underlie the loss of LTP in offspring of Low LG mothers.

Maternal care alters CORT-regulation of NMDAR function
------------------------------------------------------

Although maternal care might be expected to differentially affect CORT-regulation of NMDAR function, the direction of such an effect is difficult to predict based on previous findings. Since High LG offspring are less stress responsive than Low LG offspring, one might expect CORT to exert a stronger impact on NMDAR in Low LG offspring. Alternatively, since High LG offspring express higher levels of GR in the hippocampus, and GR activation is necessary for CORT-induced enhancement of NMDAR function (Tse et al., [@B161]), CORT may more potently regulate NMDAR function in High LG offspring. In fact, we found that stress-level CORT (100 nM) significantly enhanced NMDAR function in High LG offspring and increased the normalized NMDAR-fEPSP. In contrast, CORT treatment had no detectable effect on NMDAR-fEPSPs in Low LG offspring. The mechanism underlying the loss of CORT-regulation of NMDAR in Low LG offspring is unclear. Since NMDAR function is maintained at a high and possibly saturated level in Low LG offspring in basal conditions, the capacity for further enhancement of NMDAR function after CORT treatment could be limited. Interestingly, the time-course of CORT-induced enhancement of NMDAR function (within 20 min) suggested that a classical genomic action requiring cytoplasmic corticosteroid receptors is not involved. Indeed the CORT effect was reproduced by a BSA-CORT conjugate, implicating the involvement of a membrane-bound corticosteroid receptor. Thus, similar to the non-genomic effects of CORT in facilitating AMPAR (Karst et al., [@B71]) and LTP formation (Wiegert et al., [@B176]), CORT-induced facilitation of synaptic NMDAR in the adult hippocampus of High LG offspring is likely mediated by non-genomic mechanisms.

Almost all NMDARs in the adult hippocampus are GluN2A- and GluN2B-containing, and these two subunits exhibit fast and slow decay properties (Monyer et al., [@B112]). Our findings suggest that GluN2A expression in the hippocampal synapses of Low LG offspring may be higher than High LG offspring although this requires further investigation. After CORT treatment the decay time constant of NMDAR current is significantly reduced only in High LG offspring. Thus, the decay properties of NMDAR current in Low LG offspring are unresponsive to CORT treatment, similar to the lack of effect of CORT on synaptic NMDAR currents. Insertion of fast-decaying GluN2A subunit may occur in the hippocampal synapses of High LG offspring after CORT treatment although this has not been examined.

Possible mechanisms of CORT-induced changes in NMDAR in the adult brain
=======================================================================

Stress level CORT induces a rapid (within 30 min) long-lasting enhancement and faster decay kinetics of synaptic NMDAR function in hippocampal synapses of High LG offspring. This rapid effect of CORT is mediated by membrane-bound corticosteroid receptors (Figure [2](#F2){ref-type="fig"}). Although rapid enhancement of NMDAR-mediated Ca^2+^ influx by CORT has been reported (Takahashi et al., [@B157]; Xiao et al., [@B179]), the mechanism is unclear. Evidence of very rapid effects of CORT \[seconds to minutes (Dallman and Yates, [@B36])\] inconsistent with the temporal requirements for transcription and translation has long suggested the existence of non-genomic actions of CORT. The existence of a putative membrane-receptor is supported by membrane-localized GR-antibody staining in rat hippocampal, hypothalamic, and amygdala neurons (Liposits and Bohn, [@B88]; Johnson et al., [@B70]). Additionally, membrane-impermeable BSA-CORT efficiently reproduces certain CORT effects on neuronal excitability, memory consolidation, and neurotoxicity (Takahashi et al., [@B157]; Karst et al., [@B71]; Roozendaal et al., [@B144]; Xiao et al., [@B179]). However, the identity of a putative membrane-corticosteroid receptor is debated (Riedemann et al., [@B141]; Groeneweg et al., [@B60]) and as such, discussion of the mechanism by which CORT rapidly enhances NMDAR function is speculative. A rapid, specific potentiation of NMDAR current could be mediated by alterations in the properties of existing synaptic NMDARs or by addition of receptors to the postsynaptic density. Although less mobile than AMPARs, the population of synaptic NMDARs is dynamically regulated by processes of lateral diffusion and receptor insertion (Tovar and Westbrook, [@B159]). Whether such a process is rapidly modulated by CORT is unknown. However, it is interesting to note that PKC enhances lateral diffusion of NMDARs (Groc et al., [@B58]) and PKC activation by CORT is implicated in the signal transduction mechanisms of putative membrane-corticosteroid receptors in hippocampal neuronal cultures (Qi et al., [@B135]).

![**Effects of maternal care on CORT-induced regulation of synaptic NMDARs in the adult hippocampus.** Schematic diagrams summarize the impact of CORT on NMDAR function and synaptic plasticity. In High LG offspring, stress level CORT (100 nM, 30 min) induces a fast-onset increase in synaptic NMDAR current and a reduction of NMDAR decay kinetics, which may result from an increase in synaptic GluN2A expression. The same CORT treatment produces no observable alteration of NMDAR function or decay kinetics in Low LG offspring. Potential alteration of other ionotropic receptors species (e.g., lateral trafficking of AMPAR) after CORT treatment in Low LG offspring has not been investigated.](fncel-06-00009-g0002){#F2}

Findings obtained from non-hippocampal regions may also shed light on mechanisms underlying CORT-induced regulation of NMDAR (Yuen et al., [@B186], [@B187]). Acute stress increases synaptic NMDAR and AMPAR function in the PFC of young rats (one-month old) by enhancing synaptic expression of these receptors. This stress effect is blocked by a GR antagonist, suggesting involvement of CORT. In addition, the impact of CORT on NMDAR trafficking requires activation of serum- and glucocorticoid-inducible kinase and Rab4, which regulates receptor trafficking. Further studies are needed to reveal the involvement of these signaling pathways in CORT-induced regulation of NMDAR in the adult hippocampus.

Functional implications of CORT-induced increase in NMDAR in the adult brain
============================================================================

CORT-induced enhancement of NMDAR facilitates both LTP and LTD formation. These facilitating effects of CORT on synaptic plasticity could aid survival in threatening environments by fulfilling increased cognitive demands and supporting encoding of threat-relevant information that may enhance recognition of future threats. Critically, the facilitating effect of CORT on synaptic plasticity is short lasting, returning to basal conditions within one hour of the end of CORT exposure. Prolonged facilitation of hippocampal plasticity could enhance encoding of non-pertinent information, interfering with new memory traces formed during stress. Curtailing synaptic plasticity facilitation after CORT may be essential for appropriate encoding and storage of information relevant to the context in which stress is experienced. The delayed curtailment of the facilitation of synaptic plasticity after CORT could have a homeostatic role, resetting the threshold for synaptic plasticity to ensure the continued capacity for information storage in the hippocampus. The slow-onset increase in synaptic GluN2A expression may be one mechanism of such homeostatic regulation.

Influence of hippocampal subfield, subregion, and gender on CORT-induced alteration of NMDAR
--------------------------------------------------------------------------------------------

Our findings obtained from the dorsal CA1 and DG of adult rats reveal comparable enhancement of NMDAR function by CORT in both hippocampal subfields. These findings parallel the similar impact of acute stress and CORT on LTP in CA1 and DG (see section "Subfield of the Hippocampus"), suggesting that plastic changes of NMDAR are relevant to the regulation of synaptic plasticity in CA1 and DG. Whether CORT exerts similar enhancement of NMDAR function in CA3 is not known. Although the expression of GR, which is responsible for CORT-induced changes in NMDAR function (Yuen et al., [@B186]; Tse et al., [@B161]), in CA3 is reduced relative to CA1 and DG (Van Eekelen et al., [@B163]), CA3 neurons show profound reductions in dendritic arborization after chronic CORT or stress exposure (Woolley et al., [@B178]; Watanabe et al., [@B172]). CORT may also enhance NMDAR function in CA3. Recent findings suggest that metaplastic increases in NMDAR function caused by high frequency stimulation in the CA3 region support formation of NMDAR-dependent LTP in this hippocampal subfield (Rebola et al., [@B137]). Future experiments should investigate if CORT or acute stress also enhances NMDAR function in the CA3 region to regulate metaplasticity.

How factors such as hippocampal subregion and gender (see sections "Subregions of the Hippocampus" and "Gender") influence the CORT effects on NMDAR function has not been investigated. Dorsal and ventral hippocampus exhibit differential NMDAR expression. Both mRNA and protein expression of GluN2A and GluN2B in the dorsal hippocampus is increased relative to the ventral hippocampus (Pandis et al., [@B123]; Liu et al., [@B93]). Moreover, NMDAR function is likely not uniform along the dorsal-ventral axis of the hippocampus. For instance, NMDAR-dependent high frequency oscillations are more frequent in ventral hippocampus than in the dorsal hippocampus (Papatheodoropoulos, [@B124]). Hippocampal NMDAR subunit expression displays gender-specific differences (Palomero-Gallagher et al., [@B122]) and mRNA expression of GluN1 and GluN2A is also regulated by estrogen in female rats (Adams et al., [@B1]). Corticosteroid receptor expression also displays regional- and gender-specific differences. For instance, MR but not GR mRNA expression in the ventral hippocampus is higher than that in the dorsal hippocampus (Robertson et al., [@B143]). Although similar mRNA expression of MR and GR was found between the hippocampus of male and female rats, stress-induced changes in the expression of these receptors are greatly influenced by gender (Kitraki et al., [@B79]). Taken together these findings suggest that regional and gender differences could influence CORT-induced regulation of NMDAR function.

Chronic stress and CORT-induced alteration of NMDAR in the adult brain
----------------------------------------------------------------------

CORT-induced changes in NMDAR could have pathological consequences. Sustained, excessive activation of NMDAR leads to excitotoxicity (Choi, [@B28]), especially in the CA1 region (Ikegaya and Matsuki, [@B65]). Chronic stress is associated with atrophy of dendritic arbors of CA3 neurons (McEwen, [@B105]; Sapolsky, [@B146]). Along the longitudinal axis of CA3, chronic stress produces more extensive atrophy in the ventral (reduction in dendritic length and branches) than in the dorsal hippocampus (reduction in dendritic length only) (Christian et al., [@B29]). Stress-related hippocampal atrophy is ameliorated by pharmacological blockade of NMDAR function (Magarinos and McEwen, [@B98]) and genetic ablation of GluN1 in the CA3 region (Christian et al., [@B29]). However, AMPAR blockade is ineffective. We suggest that exposure to high levels of glucocorticoids during stress may render the hippocampus vulnerable to NMDAR-induced excitotoxicity. This increased vulnerability to excitotoxicity may arise from NMDAR hyperfunction in the chronically stressed hippocampus. For instance, three weeks of daily restraint stress increased synaptic NMDAR, but not AMPAR, currents in CA3 pyramidal neurons (Kole et al., [@B81]). Chronic stress also affects GluN2 subunit expression by decreasing GluN2B expression (Cui et al., [@B35]). In parallel with this finding, we have observed significant increases in synaptic expression of GluN2A subunit after brief CORT exposure (Figure [1](#F1){ref-type="fig"}). Taken together, these findings suggest that an increase in GluN2A/GluN2B ratio could be a neurobiological signature of chronic stress. It is interesting to note that increased GluN2A is implicated in the formation of depression-related behaviors in rodents (Taniguchi et al., [@B158]). Conversely, depression-related behavior is reduced in transgenic mice lacking the GluN2A subunit (Boyce-Rustay and Holmes, [@B16]).

NMDAR hyperfunction and depression
----------------------------------

The World Health Organization estimates that by 2015 mood disorders, such as depression, will be the leading cause of health burden in the world. However, the clinical efficacy of pharmacological interventions has improved only modestly since the introduction of tricyclics in the late 1970\'s. Thus, recent findings of the fast acting antidepressant effect of the NMDAR antagonist ketamine have drawn a lot of attention (Pittenger et al., [@B133]; Skolnick et al., [@B153]). The antidepressant effects of ketamine are linked to the activation of BDNF (Machado-Vieira et al., [@B97]) \[but also see (Lindholm et al., [@B87])\] and mTOR pathways (Li et al., [@B86]). These antidepressant effects also suggest a state of NMDAR hyperfunction in the brain of depression patients. Findings obtained from Low LG offspring also point to a link between hippocampal NMDAR hyperfunction and depression. Low LG offspring have high levels of basal NMDAR function and exhibit depression-like behaviors in forced swimming and novelty suppression of feeding tests (Caldji et al., [@B22]; Weaver et al., [@B174]). Potentially, risk factors for depressive disorders, including early life adversity and chronic stress, could induce depression-related behavior by enhancing NMDAR function in the hippocampus. Future studies should validate this hypothesis by examining the antidepressant effect of NMDAR antagonists in Low LG offspring. Further understanding of the mechanisms underlying CORT-induced increases in NMDAR function could identify molecular targets to ameliorate NMDAR changes caused by chronic stress. Associated pharmacological advances may lead to novel therapeutic tools to treat depression and other stress-related mood disorders that are highly resistant to current therapies (Meltzer and McGurk, [@B111]; Butters et al., [@B21]).
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